Introduction
The development, expansion, and rupture of abdominal aortic aneurysms (AAA) all are closely associated with progressive connective tissue destruction. 1 In particular, the biophysical properties of the aneurysmal aorta are largely ascribable to a loss of medial and adventitial elastin. [2] [3] [4] Because they are hydrophobic and exhibit extensive intermolecular cross-linking, elastin fibers are extremely resistant to physicochemical deterioration or nonspecific enzymatic degradation. 5 As a result, elastin is one of the most biochemically stable components of the extracellular matrix, undergoing little metabolic turnover in adult tissues. 5 Elastolytic proteinases, such as serine proteinases, especially matrix metalloproteinases (MMPs), are mainly responsible for degeneration elastin fibers. The expression of MMPs is induced by inflammatory cell cytokines. 6 MMP isoforms identified in arteriosclerotic human tissues include MMP-1 (collagenase), MMP-2 (gelatinase A, or 72-kDa gelatinase), MMP-3 (stromelysin-1), MMP-7 (matrilysin), MMP-9 (gelatinase B, or 92-kDa gelatinase), and MMP-12 (macrophage metalloproteinase). 7, 8 Recent evidence indicates that elastindegrading MMPs, such as MMP-2, MMP-7, MMP-9, and MMP-12, are expressed in human aneurysms. In particular, MMP-2 and MMP-9 are overexpressed when the aneurysms are expanding. nuclear cells actively produce increasing amounts of MMPs including MMP-9. 11 Kasashima and Urayama previously reported MMP-9 increased in the walls of human aortic aneurysms. Their results suggest that MMP-9, produced mainly by macrophages, plays an important role in the early stages of aortic aneurysm formation; MMP-9 degrades elastin and other extracellular matrix components to result in progressive expansion of aneurysms. 12, 13 Based on these findings that MMP-9 destroys the aortic elastic lamellae, thus resulting in aneurysm progression, we examined the effects of the administration of an MMP inhibitor in preventing aneurysm development in an animal of early-stage aneurysm formation.
Materials and Methods

Perfusion Model
Male Wistar rats weighing 300-320 g were used for these experiments. All animals received care in accord with the United States National Institutes of Health (US NIH) guidelines. The rats were anesthetized with an intraperitoneal injection of 6% sodium pentobarbital (0.1 ml/100 g). A laparotomy was performed under sterile conditions to expose the abdominal aorta from the level of the left renal vein to the aortic bifurcation, using a binocular surgical microscope (Model OMK-1; Olympus, Tokyo, Japan). The inferior mesenteric artery and all lumbar artery branches arising from the infrarenal aorta were ligated (Fig. 1) . The preperfusion aortic diameter (AD) was measured with calipers. The arterial pressure was not monitored. A 22-gauge polyethylene catheter (Insyte i.v. catheter, Becton Dickinson Japan, Tokyo, Japan) was introduced through a left femoral arteriotomy, and its tip was positioned within the infrarenal aorta. The infrarenal aorta was clamped with small arterial clamps above the level of the catheter tip. The right common iliac artery was also clamped. The aorta then was perfused under 100 mmHg pressure for 1 h with 1 ml of solution ( Fig. 1 and Table 1 ), either 0.9% saline (control) or saline containing 1 unit of porcine plasmin (P8644; Sigma Japan, Tokyo, Japan) and 1 µl of thioglycolate (1.325 mg/ml, T3758; Sigma Japan). After perfusion, the catheter was removed and then the left femoral artery was tied. The abdominal aorta and right common iliac artery were unclamped and aortic blood flow was restored. After the wound was closed, each animal was kept in an individual cage with free access to food and water.
About 8 h after recovery from the aortic perfusion procedures, all animals began to receive twice-daily subcutaneous injections of either saline solution or doxycycline-containing saline solution. Doxycycline (6-deoxy, 5-hydroxy tetracycline; Sigma Japan) was administered in doses totaling 30 mg/kg per day (Table 1) . This treatment was continued until the rats were killed. The abdominal aorta was reexposed at laparotomy with pentobarbital anesthesia on postoperative day 7 (see Fig. 2 ). After the final AD was measured under physiologic conditions, the animals were killed by an intravenous pentobarbital overdose. The aorta was removed immediately for either a histologic evaluation or biochemical study. Comparison of increase in aortic diameter (AD) after 7 days. In each treatment group, the mean Ϯ standard deviation for the AD ratio were determined. In thioglycolate plus plasmin-perfused rats that were subcutaneusly treated with saline alone (B), the AD ratio was significantly higher than in the saline-perfused and saline-treated controls (A). In thioglycolate plus plasmin-perfused rats that were treated with doxycycline (C), the AD ratio decreased remarkably more than in group B
Aortic Diameter Measurements
The change in AD was determined as a ratio (AD ratio ϭ final AD / preperfusion AD). In each treatment group, the mean Ϯ standard deviation for the AD ratio were determined (Table 1) .
Histologic Examination
Six animals in each group underwent systemic perfusion fixation with 10% neutral buffered formalin (120 mmHg for 10 min), with the left ventricle for inflow and the right atrium for efflux. The abdominal aorta was excised, fixed overnight in 10% neutral buffered formalin at 4°C, and processed for routine embedding in paraffin. The sections were cut transversely at either 4 µm or 2 µm thickness and attached to glass slides. The 4-µm sections were stained with hematoxylin-eosin (H&E), while the 2-µm sections were stained by the elastica van Gieson method (EVG), which showed a good contrast between elastin (black), collagen (pink), and smooth muscle cells (yellow). The sections were examined by light microscopy (Provis; Olympus, Tokyo, Japan), and representative cross-sectional areas of the aortic wall were imaged with an AX-70 automatic photomicrographic system (HC-300Z/OL digital camera; Olympus) (see Fig. 3 ). For analysis, we divided the transverse aortic sections of thioglycolate plus plasmin-perfused rats into 12 sectors in a clockface manner (Fig. 4) , measuring the minimum thickness of elastic lamellae in each sector (l n ). We then averaged l 1 to l 12 as the mean minimal thickness (MMT) of elastic lamellae for each rat.
Substrate Zymography
In six rats from each group, aortic tissues (thickness, 2 mm; width, 2 mm) were frozen in liquid nitrogen and stored at Ϫ80°C until total protein extraction for zymography. Frozen aortic tissue samples were pulverized and homogenized in ice-cold TNC solution that contained 50 mmol/l Tris-HCl buffer (pH 7.6), 10 mmol/ l CaCl 2 , and 1.5 mol/l NaCl, and 0.02% NaN 3 . After centrifugation at 10 000 ϫ g for 20 min at 4°C, supernatants were obtained and normalized with respect to total protein (10 µg per lane). The samples were mixed with nonreduction buffer containing 0.1% bromphenol blue, and then electrophoretically resolved through 8% polyacrylamide gels copolymerized with 0.2% gelatin substrate. The gels were then washed free of dodecyl sulfate with 2.5% Triton X-100 buffer (Sigma Japan) and incubated for 22 h at 37°C in TNC solution. The gels were stained with 0.1% Brilliant Blue R (Sigma Japan) in 50% methanol/20% acetic acid. Gelatinases were observed as clear bands against a dark-blue background of intact substrate. The molecular weight of each band was estimated by comparison with the positions of known molecular weight standards (Perfect Protein marker; Novagen, Darmstadt, Germany). The relative density of each lytic band was determined from negative photographic images of the gels with Adobe Photoshop 4.0J (Adobe Systems, San Jose, CA, USA) and US NIH Image 1.62f software.
Statistical Analysis
The data for each group are presented as the mean Ϯ standard deviation. Statistical comparisons between the two groups were made with one-factor analysis of variance (ANOVA).
Results
Changes in Aortic Diameter
As shown in Table 1 , the aorta was perfused with thioglycolate plus plasmin solution in 33 rats. In 21 of the rats, that were subcutaneously injected with saline alone (group B), the AD ratio was significantly higher than in saline-perfused controls (group A; Fig. 2 , P Ͻ 0.01). Aortic dilatation was notably more inhibited in the doxycycline-treated rats (group C) than in salinetreated rats (group B, P Ͻ 0.01). Figure 3 shows representative aortic sections stained with EVG. On day 7, the rats in group B showed marked disruption, fragmentation, or frank degradation of elastic lamellae (stained violet; Fig. 3B ). Earlier, 18 h All animals underwent experimental perfusion of the abdominal aorta as described in the text, followed by treatment with saline treatment or doxycycline. AD was measured before intra-aortic perfusion on day 0, and just before killing on day 7. The change in AD was expressed as the AD ratio (final AD / preperfusion AD) Fig. 3A-F . Structural changes in perfused rat aorta. A-D Elastica-van Gieson stain. A Perfusion with saline solution, and subcutaneous saline injection. The elastic lamellae are not damaged (ϫ100). B Perfusion with thioglycolate plus plasmin, and subcutaneous saline injection. Damage to medial elastin is observed on day 7 (ϫ100). C Perfusion with thioglycolate plus plasmin, and subcutaneous saline injection (examined 18 h after perfusion). Elastic degradation has not yet occurred (ϫ100). D Perfusion with thioglycolate plus plasmin, and subcutaneous doxycycline injection (examined 7 days after perfusion). The elastic lamellae are nearly normal (ϫ100). E,F Hematoxylin-eosin stain. E Perfusion with thioglycolate plus plasmin, and subcutaneous saline injection (examined 7 days after perfusion) (ϫ40). F Perfusion with thioglycolate plus plasmin, and subcutaneous doxycycline injection (examined 7 days after perfusion) (ϫ40). In both E and F, a dense inflammatory infiltrate dominated by macrophages is present in all layers
Histological Examination
postoperatively, elastic destruction was not seen (Fig.  3C) . In doxycycline-treated rats, elastic structure remained intact at 7 days (Fig. 3D) . On H&E-stained sections, thioglycolate plus plasmin-perfused rats showed an aortic inflammatory response that typically extended through all layers of the aortic wall. Postoperative treatment with saline ( Fig. 3E) or doxycycline ( Fig. 3F) showed similar intensities of inflammation. Macrophages were dominant in these inflammations. MMT of elastic lamellae was significantly greater in doxycycline-treated rats (group C, 93 Ϯ 4 µm) than in the saline-treated rats (group B, 47 Ϯ 7 µm; ANOVA, P Ͻ 0.001, Fig. 5 ).
MMP-9 Activity
Gelatin substrate zymography was used as a means of determining MMP-9 and MMP-2 enzymatic activities in AAA tissue extracts. As shown in Fig. 6 , specimens from rats with intra-aortic perfusion by saline solution contained little gelatinolytic activity, which corresponded to proMMP-2 and activated MMP-2 (Fig. 6A ). All specimens with aneurysm formation, after thioglycolate plus plasmin perfusion and treatment with saline, showed dense bands attributable to MMP-2 and MMP-9 (Fig. 6B) . The rats perfused with thioglycolate plus plasmin and treated with doxycycline showed only faint bands corresponding to proMMP-9, or activated MMP-9, although the bands showing MMP-2 activity remained prominent (Fig. 6C) . Doxycycline greatly inhibited MMP-9 activity according to these qualitative observations.
The mean densities of bands corresponding to proMMP-2 (72 kDa) and active MMP-2 (68 kDa) were measured. No differences were discernible between the rats treated with doxycycline and the untreated rats in the total amount of activity attributable to MMP-2. After estimating the fraction of each enzyme present in active versus latent forms, we detected no significant difference in the fraction of MMP-2 that was activated (saline-treated rats, 50.6% Ϯ 1.0% of total MMP-2; doxycycline-treated rats, 36.1% Ϯ 12.0% of total MMP-2).
Discussion
Doxycycline, a derivative of tetracycline, is a nonspecific MMP inhibitor.
14 Doxycycline directly inactivates MMPs by combining with their active zinc site and secondarily inhibits MMPs by binding to inactive calcium site. 15, 16 In addition to these effects, doxycycline may influence connective tissue degradation within human aneurysms by reducing the monocyte/macrophage expression of MMP-9 mRNA and by suppressing the post-translocational processing (activation) of proMMP-2. 17 Aneurysmal degeneration is accompanied by a failure of connective tissue repair. To design strategies Total protein was extracted from abdominal aortic wall tissue of saline-perfused rats subsequently treated with saline alone (A, n ϭ 6), thioglycolate plus plasmin-perfused rats subsequently treated with doxycycline (B, n ϭ 6), and thioglycolate plus plasminperfused rats subsequently treated with saline (C, n ϭ 6). Equivalent amounts of protein (10 µg per lane) were electrophrectically separated on a 10% polyacrylamide gel containing 1 mg/ml gelatin. The gelatinase activities were identified as clear bands on a dark background to promote stabilization of the aneurysm wall, and increase the number of structural connective tissue proteins, the effects of doxycycline on nonelastic connective tissue elements have been studied. Delayed treatment with doxycycline beginning 7 days after elastase perfusion in rats has been shown to suppress the progression of aneurysm development. The beneficial effect of delayed doxycycline treatment most likely involves an effect on collagen-degrading proteinases. 18 In our series, in doxycycline-treated rats aortic dilation and elastic destruction were significantly suppressed, even though inflammatory cells (most of them were macrophages) still migrated and infiltrated the perfused aorta. The histological findings show that doxycycline inhibited experimental aneurysmal dilation by preserving medial elastin. Elastin is a major structural protein in the aortic wall; the strength of normal aortic wall results from the medial lamellae and elastic connective tissue. 19 Elastin fibers provide much of the physiologic recoil of the aorta against the pulse pressure. Elastin degradation results in a less elastic aorta with an increased diameter, undergoing progressive dilation according to Laplace's law. 19 Elastolysis may be an important event in the development of aneurysms in genetically susceptible individuals. Because of continued hemodynamic forces of mechanical stretch, ongoing damage to elastin results in the release of EDPs (elastin degradation products) and/or exposure of chemotactic peptide sequences in the extracellular matrix. EDPs may be essential chemotactic components for the inflammatory response that occurs in AAA. 20 Curci et al. reported that doxycycline-treated rat aortas showed a marked degree of dense collagenous fibrosis in the adventitia, 17 and that this additional factor might further limit aneurysm dilation. In reported elastaseperfused models, aortic wall elastin continuously decreased for 14 days while collagen gradually increased between days 2 and 7. 18 However, we noted no significant differences between groups with collagenous fibrosis at day 7.
Our histologic examination indicated that doxycycline does not suppress inflammatory infiltrates. An abundance of MMP-9 in AAA is considered to be related to the presence of inflammatory cells. By immunohistochemical analysis and in situ hybridization, macrophages infiltrating aortic aneurysms were found to produce MMP-9. However, the MMP-9-expressing cells represented only 10%-20% of all inflammatory cells. 21 This finding may explain why the expression of MMP-9 in AAA was not closely related to the number of infiltrating cells. These results suggested that doxycycline inhibited elastin degradation, generation of EDPs was diminished, and production of MMPs by inflammatory cells was reduced. As a result, aortic wall stability was maintained while aortic dilation was suppressed.
The systemic dose of doxycycline required to reduce the local MMP-9 activity has been reported to be at least 60 mg/kg per day, 22 but 30 mg/kg per day sufficed in our experiment. On the other hand, the MMP-2 production was not significantly suppressed by doxycycline in our experiment. As a result, doxycycline inhibited AAA development in our rats as a suppressor of MMP-9, not as an inhibitor of MMP-2. In patients with AAA, doxycycline treatment has been reported to cause only a relatively small reduction in the activated fraction of MMP-2 (24.4%). 17 A primary elastolytic insult from high levels of MMP-2 may initiate aneurysm formation, namely, MMP-2 functions as an initiator of aneurysm formation. MMP-9 may perform its duties at the next stage to dilate aneurysms. 11 Sakalihasan et al. performed quantitative gelatin zymography on serum and tissue extracts from AAA patients. MMP-2 was the predominant form identified in the aortic wall of the control group (normal aorta), while a significant shift toward MMP-9 was observed in AAA specimens. 9 In our results, aneurysm dilation was significantly suppressed in the doxycycline-treated rats, and local MMP-9 activity appeared too low to quantify by gelatin zymography. MMP-2 is synthesized by the smooth muscle cells of the aortic intima and media as well as by the adventitial fibroblasts, as described by Herron et al., 23 and it does not differ significantly between human controls and the AAA groups. 9 Elastase perfusion has been demonstrated to be more effective than thioglycolate plus plasmin perfusion to dilate rat aorta. 24 That is why porcine elastase has been preferably used for making experimental aneurysms in general. However, we selected thioglycolate plus plasmin, not elastase, since we believe that thioglycolate, which activated macrophage specifically, induces macrophage-dominant local inflammation, thus creating conditions similar to human aortic aneurysm genesis.
Some clinical trials aiming to inhibit human AAA formation or enlargement have been performed. For instance, Curci et al. carried out preoperative treatment with doxycycline on AAA patients. 17 Mosorin et al. described clinical data supporting some potential role of doxycycline in the management of small AAA. 25 They found that aneurysm expansion rates were significantly lower in the 6-12-month period and the 12-18-month period in the patients receiving doxycycline. However, their findings raise a number of important problems. Firstly, in the doxycycline group, the initial mean aneurysm diameter was 3.1 cm, whereas the AAA diameter in the placebo group was 3.5 cm. Secondly, only 18% of the patients in the doxycycline treatment group were active smokers, whereas 53% of the placebo group were active smokers. 25 Active smoking correlates well with aneurysm expansion rates. 26 Ultimately, randomized large-scale, prospective clinical trials are anticipated.
In conclusion, this study demonstrated that doxycycline suppressed the local MMP-9 activity, while maintaining the elastic lamellae and preserving the AAA size. This method thus has a potential for reducing aneurysmal enlargement in either patients with earlystage AAA or high-risk patients for surgical treatment.
Conclusion
Doxycycline inhibited aneurysm dilation in an experimental model by preserving medial elastin. This effect involved the suppression of MMP-9 activity but not of MMP-2 activity.
